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ABSTRACT 


In combination with phylogenetic analyses of morphological and molecular data from modern plants, fossils allow 
improved reconstruction of the history of Winteraceae. Phylogenetic analyses link Winteraceae with Canellaceae, nested 
among Magnoliales, Laurales, and Piperales, implying that their lack of vessels is derived rather than primitive. The 
oldest records, from the Barremian and Aptian-Albian (Early Cretaceous) of Northern Gondwana (Gabon, Israel), are 
ulcerate tetrads (Walkeripollis) with an annulus underlain by thickened endexine but finer sculpture than modern 
Winteraceae, which most likely represent the stem-lineage leading to crown-group Winteraceae. Early Cretaceous 
Afropollis and Schrankipollis, which have also been compared with Winteraceae, are probably not related. The distri- 
bution of Walkeripollis implies that the winteraceous line originated in tropical, possibly dry, environments, like those 
of modern Canellaceae, rather than equable temperate and upland tropical habitats like those where Winteraceae occur 
today. Crown-group Winteraceae, first represented in the Santonian-Campanian (Late Cretaceous) by more coarsely 
reticulate tetrads in Australia and vesselless wood in Antarctica, and later by tetrads in South America and Africa, 
appear to be derived from a line that spread south into the temperate zone, consistent with ecological hypotheses that 
vessels were lost as an adaptation to cooler climates. Late Cretaceous paleogeography suggests that the crown-group 
could have dispersed to Australasia via either South America and Antarctica or Madagascar (where the family is 


represented by the basal genus Takhtajania) and India. 
Key words: 


Winteraceae have long attracted students of an- 
giosperm evolution and biogeography because of 
their putatively primitive morphology and disjunct 
Southern Hemisphere distribution (Australasia, 
South America, Madagascar). Emphasizing their 
vesselless wood and plicate (conduplicate) carpels, 
Thorne (1974) considered Winteraceae the most 
primitive living angiosperm family. Others (Walker 
& Walker, 1984; Cronquist, 1988; Takhtajan, 1997) 
argued that Magnoliales such as Degeneria are 
more primitive: although these have vessels, they 
also have plicate carpels, plus gymnosperm-like 
monosulcate pollen with a continuous tectum and 
granular infratectal structure, whereas Winteraceae 
have putatively more advanced pollen shed in per- 
manent tetrads, with a round distal pore (ulcus), 
coarsely reticulate sculpture, and columellar infra- 
tectal structure. After concluding that angiosperms 
arose in the area of Southeast Asia and Australasia 
(cf. Takhtajan, 1969), Smith (1973) postulated that 
Winteraceae originated in Malesia and migrated 
south through Australasia and Antarctica to South 
America and west to Madagascar. This scenario was 
challenged by the theory of plate tectonics and rec- 
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ognition that Southeast Asia and Australasia are 
juxtaposed portions of two supercontinents, Laura- 
sia and Gondwana, which were widely separated 
during the rise of angiosperms in the Early Creta- 
ceous. Since only two species of Winteraceae occur 
outside the former limits of Gondwana (Drimys 
granadensis L. f. in Central America, Tasmannia 
piperita (Hook. f.) Miers in the Philippines), which 
could be “spillovers” after South America and Aus- 
tralasia collided with Laurasia in the Tertiary, Win- 
teraceae were soon offered as one of the best ex- 
amples of a taxon with a Gondwanan distribution 
(Schuster, 1972, 1976; Raven & Axelrod, 1974). 
Paleobotanical discoveries and phylogenetic 
analyses of the past two decades have shed new 
light on the history of Winteraceae and other an- 
giosperm taxa. The purpose of this paper is to re- 
view the fossil record of Winteraceae in the context 
of the phylogenetic results, and thus to present an 
updated synthesis of the evolutionary and geo- 
graphic history of the family, as background for dis- 
cussion of Takhtajania. Of special interest is fossil 
pollen evidence extending the winteraceous line 
into the Early Cretaceous, which indicates that 


'T am grateful to Rosemary Askin and Mary Dettmann for help in locating literature, Sharma Gaponoff, Jean-Michel 
Groult, Bob Hill, Sarah Mathews, Imogen Poole, Hervé Sauquet, Vincent Savolainen, George Schatz, Alex Troitsky, and 
Liz Zimmer for use of unpublished data, Neelima Sinha for help with illustrations, and Else Marie Friis and an 
anonymous reviewer for useful comments on the manuscript. 

2 Section of Evolution and Ecology, University of California, Davis, California 95616, U.S.A. 


ANN. Missouri Bor. GARD. 87: 303—316. 2000. 


304 


Annals of the 
Missouri Botanical Garden 





Winteraceae originated in more tropical environ- 
ments than they inhabit today. 


PHYLOGENETIC CONTEXT 


Phylogenetic analyses have confirmed the posi- 
tion of Winteraceae among magnoliids, now recog- 
nized as a basal paraphyletic grade of angiosperms 
below monocots and eudicots (the 95% of dicots 
with tricolpate and derived pollen). However, they 
call into question the primitive status of vesselless 
wood, at least in Winteraceae. 

Based on a morphological cladistic analysis of 
primitive angiosperms, Young (1981) concluded 
that Winteraceae and other vesselless taxa are nest- 
ed well within the angiosperms, so it is more par- 
simonious to assume that vessels arose in the com- 
mon ancestor of angiosperms and were lost in the 
vesselless taxa. This was confirmed by the analysis 
of Donoghue and Doyle (1989), which placed Mag- 
noliales in a restricted sense, with granular exine 
structure, at the base of the angiosperms, with the 
remaining groups (including Winteraceae) united 
by columellar structure. Winteraceae were linked 
with Illiciales (Illicium, Schisandraceae) and in 
some trees Canellaceae, based on palisade exotesta, 
a similarity of Winteraceae, Illiciales, and Canel- 
laceae noted by Corner (1976). Winteraceae and 
Illiciales had also been associated by Walker 
(1976), based in part on their coarsely reticulate 
pollen sculpture, and were subsequently linked in 
the morphological cladistic analysis of Loconte and 
Stevenson (1991). Another similarity of Wintera- 
ceae and Canellaceae is their irregular, “first rank” 
leaf venation (Hickey, 1977), with secondary veins 
that are poorly differentiated from higher vein or- 
ders and loop repeatedly inside the margin (Hickey 
& Wolfe, 1975). However, this may be a symple- 
siomorphy rather than evidence for direct relation- 
ship; similar venation occurs in Early Cretaceous 
angiosperm leaves and has been considered prim- 
itive (Wolfe et al., 1975; Doyle & Hickey, 1976; 
Hickey, 1977). 

Since vessels are often viewed as unambiguously 
advantageous in allowing more efficient conduction, 
these cladistic results stimulated debate on the 
functional plausibility of loss vs. multiple origins of 
vessels. Donoghue and Doyle (1989) argued that 
loss might be less deleterious than assumed, since 
vesselless wood would be derived from wood with 
very primitive vessels, not advanced ones. Winter- 
aceae and other vesselless angiosperms usually oc- 
cur in cool, wet habitats; Carlquist (1975) argued 
that this is the only environment where they can 
persist, but Donoghue and Doyle (1989) noted that 


it might also be the environment where loss of ves- 
sels would be least disadvantageous. Donoghue and 
Doyle and Feild et al. (2000) suggested that vessel 
loss might even be advantageous in cool climates, 
since embolisms caused by freezing would be re- 
stricted to one tracheid rather than expanding to fill 
a whole vessel. This is especially plausible for Tro- 
chodendrales (nested among lower eudicots with 
vessels: Chase et al., 1993; Hoot et al., 1999; Sa- 
volainen et al., 2000), which were common in the 
Late Cretaceous and Tertiary of northern Laurasia 
(Crane et al., 1991). Carlquist (1983, 1987, 1988, 
1996) presented several arguments against the loss 
of vessels and for multiple origins: the parallel na- 
ture of advancement trends within vessels; the im- 
plausibility of scenarios for loss of vessels as a re- 
sult of movement from dry to mesic (Young, 1981) 
or from aquatic to terrestrial habitats; the fact that 
vessels are almost but not completely lost in Ephe- 
dra, even in extreme habitats; and the lack of tra- 
cheid dimorphism in vesselless angiosperms. How- 
ever, one argument of Bailey and Nast (1944) and 
Carlquist (1975), that the characteristic stomatal 
plugs of Winteraceae are a compensation for lack 
of vessels, appears to be incorrect. Feild et al. 
(1998, 2000) showed experimentally that plugs do 
not reduce transpiration and are more likely a de- 
vice to promote runoff of water in cloud forest hab- 
itats. 

Many aspects of earlier cladistic schemes now 
need revision as a result of molecular phylogenetic 
analyses. Studies of partial rRNA sequences (Ham- 
by & Zimmer, 1992; Doyle et al., 1994) rooted an- 
giosperms not in woody magnoliids but in “paleoh- 
erbs,” with Nymphaeales basal, as did more recent 
morphological analyses (Doyle et al., 1994; Doyle, 
1996). Much more extensive studies of rbcL (Chase 
et al., 1993) placed Ceratophyllum at the base of 
the angiosperms. However, this rooting was quickly 
suspected to be a long-branch effect (Qiu et al., 
1993; Donoghue, 1994). This view has been con- 
firmed by analyses of 18S rDNA (Soltis et al., 
1997), cpITS (Goremykin et al., 1996; A. V. Troit- 
sky, pers. comm. 1998), phytochrome genes (Ma- 
thews & Donoghue, 1999), and atpB (Savolainen et 
al., 2000), all of which root angiosperms among a 
series of taxa including not only Nymphaeales but 
also several woody magnoliid taxa: Amborella, Aus- 
trobaileya, Illiciales, and (based on studies of rbcL 
by Renner, 1999) Trimeniaceae. Significantly, these 
taxa occur together as a clade in rbcL trees (Chase 
et al., 1993). Endress (1987) and Donoghue and 
Doyle (1989) associated Amborella and Trimeni- 
aceae with Chloranthaceae, but Chloranthaceae 
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now appear to be an isolated line, located above 
the basal grade. 

All molecular analyses that have included the 
relevant taxa have separated Winteraceae from Il- 
liciales and linked them with Canellaceae (Chase 
et al., 1993; Soltis et al., 1997; Mathews & Dono- 
ghue, 1999; Savolainen et al., 2000), making up a 
group that I will call Winterales. All genes except 
18S (Soltis et al., 1997), for which the sampling of 
magnoliids was less complete, place Winterales in 
a clade with three other orders as defined by APG 
(1998): Laurales (Calycanthaceae, Monimiaceae 
s.l., Gomortega, Hernandiaceae, Lauraceae), Mag- 
noliales (Eupomatia, Himantandraceae, Degeneria, 
Myristicaceae, Magnoliaceae, Annonaceae), and Pi- 
perales (Piperaceae, Saururaceae, Aristolochiaceae, 
Lactoris). Based on rbcL (Chase et al., 1993) and 
rbcL plus atpB (Savolainen et al., 2000), the sister 
group of Winterales is Magnoliales; based on phy- 
tochrome genes (Mathews & Donoghue, 1999) and 
atpB (Savolainen et al., 2000), their sister group is 
Piperales. 

Like the morphological trees, the molecular trees 
imply that Winteraceae are secondarily vesselless, 
although interestingly they suggest that the absence 
of vessels in Amborella is primitive. They also call 
into question the view that the carpels of Winter- 
aceae are primitive: the basal lines (Amborella, 
Austrobaileya, etc.) have ascidiate, not plicate car- 
pels (Endress & Igersheim, 1997), implying that 
the plicate condition is derived. Igersheim and En- 
dress (1997) also refuted statements that the car- 
pels of Winteraceae and Degeneria are not com- 
pletely closed (Bailey & Swamy, 1951; Eames, 
1961); actually, their margins are postgenitally 
fused. 

These molecular challenges to morphological 
cladistic results appear to be supported by prelim- 
inary analyses of an expanded morphological data 
set of magnoliids and basal monocots and eudicots 
(Doyle & Endress, in prep.), incorporating gynoe- 
cial data of Endress and Igersheim (1997, 1999) 
and Igersheim and Endress (1997, 1998). These 
analyses also move Illiciales near Austrobaileya and 
associate Winteraceae with Canellaceae, based on 
palisade exotesta and truncate stamen connective. 

Phylogenetic analyses have also led to explicit 
hypotheses on relationships within Winteraceae. 
Vink (1988) presented two morphological trees of 
the family, which differed in rooting: one with Tas- 
mannia basal, on the standard assumption that the 
ancestral chromosome number is n = 13 (as in Tas- 
mannia) and n = 43 (as in other members) is de- 
rived; the other with Takhtajania basal, based on 
its elongate inflorescences, and Tasmannia and 


Drimys linked as a clade, which he preferred. Be- 
cause Vink assumed that Takhtajania has n = 43, 
based on its large pollen size (Praglowski, 1979), 
he suggested that n = 13 in Tasmannia is not an- 
cestral but derived from n = 43. This poses a prob- 
lem if the closest outgroup is Canellaceae, which 
have n = 11, 13, and 14 (Kubitzki, 1993). In both 
trees, Bubbia, Belliolum, Zygogynum, and Exosper- 
mum formed a clade, linked with Pseudowintera. 
Two species of Zygogynum (Z. balansae Tiegh., Z. 
pomiferum Baill.) differ from the rest of the family 
in having monad pollen grains (Sampson, 1974); 
the position of Zygogynum within the family im- 
plies that these are secondarily derived from tet- 
rads. 

The first limited rbcL data (Chase et al., 1993) 
were more consistent with the first of Vink’s (1988) 
trees in placing Tasmannia below Drimys and Bel- 
liolum, but they did not address the position of 
Takhtajania. Analyses of rDNA ITS sequences by 
Suh et al. (1993) showed unusually low divergence 
within Winteraceae, indicating either an implausi- 
bly recent age for the family or a slowdown in ITS 
evolution, and the presence of two ITS sequences 
in Bubbia, Belliolum, Zygogynum, and Exosper- 
mum, apparently reflecting an unusual persistence 
of polymorphism in ITS. Although unrooted, the 
tree obtained was consistent with the basal position 
of Tasmannia and the existence of a Bubbia-Bel- 
liolum-Zygogynum-Exospermum clade. 

The rediscovery of Takhtajania has allowed 
placement of this genus and resolution of the ap- 
parent conflicts concerning chromosome number. 
Karol et al. (2000) included Takhtajania in analy- 
ses of ITS and trnL-F spacer sequences from Win- 
teraceae and Canellaceae. Analyses of trnL-F in- 
dicated that either Takhtajania or Tasmannia could 
be basal in Winteraceae, but Takhtajania was basal 
in trees based on ITS and the two data sets com- 
bined. Other relationships within the family were 
the same as those found by Suh et al. (1993). These 
results are consistent with Vink’s (1988) view that 
the inflorescences of Takhtajania are primitive. 
However, the finding that the chromosome number 
of Takhtajania may be n = 18 (Ehrendorfer & Lam- 
brou, 2000) refutes his suggestion that n = 13 in 
Tasmannia is derived from n = 43, which does 
appear to be a synapomorphy of Drimys and the 
remaining groups. 


FossıL RECORD 


There are several old reports of fossil wintera- 
ceous leaves, but these were not based on a critical 
analysis of leaf architecture, and they have not 
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been reexamined recently. As noted above, Win- 
teraceae have irregular “first rank” venation (Hick- 
ey, 1977), which has been considered primitive for 
angiosperms (Hickey & Wolfe, 1975), but otherwise 
their leaves are not very distinctive. Cuticle anal- 
ysis might allow better evaluation of these deter- 
minations, for example by showing the stomatal 
plugs characteristic of most genera (Bailey & Nast, 
1944; Feild et al., 1998). 

Some leaf reports are from areas where Winter- 
aceae occur today and winteroid pollen is known 
in the fossil record (cf. below). Berry (1938) de- 
scribed Drimys patagonica from the early Miocene 
of Argentina, said to resemble Winteraceae in hav- 
ing a “papillose” lower surface; the venation is con- 
sistent with Winteraceae, though probably not di- 
agnostic. Dusén (1908) described Drimys 
antarctica from the Paleocene (Askin, 1992) of Sey- 
mour Island on the Antarctic Peninsula; the irreg- 
ular spacing and angles of the secondary veins are 
consistent with Winteraceae. Deane (1902), miscit- 
ed by Praglowski (1979) as Card (1902) and pos- 
sibly the source of an unreferenced remark by Ber- 
ry (1938), reported Drimys leaves from the Tertiary 
of New South Wales, but the fragment illustrated 
has no distinctive features. Leaves of Winteraceae 
have not been recognized in more recent studies of 
rich Australian Tertiary floras (Carpenter et al., 
1994; Christophel, 1994; McLoughlin & Hill, 
1996; R. S. Hill, pers. comm. 1999), which have 
used more critical methods of leaf identification. 

More convincing is a report by Poole and Francis 
(2000) of vesselless wood described as Winteroxy- 
lon jamesrossi I. Poole & J. E. Francis from the 
mid-late Santonian—early Campanian of James Ross 
Island on the Antarctic Peninsula. Although the ex- 
act combination of pitting, ray, and parenchyma 
features does not occur any modern genus of Win- 
teraceae, all are found within the family, and other 
vesselless angiosperm taxa (Amborella, Trochoden- 
drales) are more different. 

A few other megafossil reports are from outside 
the geographic range of modern Winteraceae and 
fossil records of winteroid pollen. Chaney and San- 
born (1933) described Oligocene leaves from 
Oregon as Drimys americana R. W. Chaney & San- 
born, but this is questionable, since the venation 
differs from that of Winteraceae in having thicker, 
more distinct secondary veins. Page (1979) com- 
pared vesselless wood from the Late Cretaceous 
(Maastrichtian) of California with Old World Win- 
teraceae; she separated it from New World Drimys 
and Trochodendrales based on its abundant paren- 
chyma. Gottwald (1992) described vesselless wood 
from the Eocene of Germany as Winteroxylon mun- 


dlosi, which was similar enough to the Antarctic 
wood of Poole and Francis (2000) that they as- 
signed their material to the same genus. If these 
fossils are winteraceous, they would imply that the 
family extended into Laurasia, as in Mexico and 
Malesia today. However, the possibility that they 
represent extinct vesselless lines not directly relat- 
ed to Winteraceae should also be considered, given 
the absence of more diagnostic winteroid pollen, 
the abundance of Trochodendrales in the Early Ter- 
tiary of Laurasia (Crane et al., 1991), and the pres- 
ence of leaf cuticles with similarities to Amborella 
in the lower Potomac Group (Upchurch, 1984). Ex- 
tinct vesselless lines should be more common if the 
lack of vessels in Winteraceae is primitive, since 
this would imply that the ancestors of many other 
taxa lower in angiosperm phylogeny were also ves- 
selless. 

The record of Winteraceae has been solidified 
and greatly extended by palynology, based on ul- 
cerate tetrads closely comparable to the family 
(Figs. la, 2). Unlike the wood, the distinctive fea- 
tures of the pollen are clearly derived and thus 
more indicative of this particular clade. Winteroid 
tetrads are a persistent but minor element in latest 
Cretaceous and Tertiary rocks of Australasia (Dett- 
mann & Jarzen, 1990), consistent with the low pol- 
len production and subordinate ecological status of 
Winteraceae today. Such pollen was tentatively re- 
ported (without illustration) by Cranwell (1959) 
from the Paleocene of Seymour Island, and figured 
by Couper (1960) from the Oligocene of New Zea- 
land as Pseudowintera sp. Couper’s material was 
named Pseudowinterapollis by Krutzsch (1970); 
similar tetrads from the latest Cretaceous through 
Miocene of southeastern Australia were named Ge- 
phyrapollenites (with three species) by Stover and 
Partridge (1973), who were apparently unaware of 
Krutzsch’s article. Martin (1978) indicated that the 
closest match for the Australian fossils is Tasman- 
nia. Mildenhall and Crosbie (1979) extended the 
range of Pseudowinterapollis, which they consid- 
ered most similar to Pseudowintera, from the latest 
Cretaceous through the Pleistocene of New Zea- 
land. As noted by Suh et al. (1993), since phylo- 
genetic analyses indicate that Pseudowintera is 
nested within the family, these data imply that 
crown-group Winteraceae (i.e., the clade consisting 
of all derivatives of the most recent common an- 
cestor of the living members: Doyle & Donoghue, 
1993) originated before the end of the Cretaceous. 
These grains were accepted as Winteraceae by 
Muller (1981) in his critical review of pollen evi- 
dence for extant angiosperm families. In Australa- 
sia, the oldest record is from the mid-Campanian 
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Figure 1. 


of the Otway Basin of southeastern Australia (Dett- 
mann & Jarzen, 1990). Winteraceae are also known 
from the Maastrichtian or Paleocene through the 
Miocene of central Australia (Twidale & Harris, 
1977; Harris & Twidale, 1991; Macphail et al., 
1994) and the Oligocene of Tasmania (Macphail & 
Hill, 1994). However, since the early report of 
Cranwell (1959), Winteraceae do not seem to have 
been observed in Tertiary pollen floras from Ant- 
arctica (Truswell & Drewry, 1984; Truswell, 1991; 
Askin, 1992). 

Mildenhall and Crosbie (1979) also reported 
loose ulcerate tetrads and monads, named Harrisi- 
pollenites, from the Oligocene through Pleistocene 
of New Zealand, which they compared with the mo- 
nads of Zygogynum species (Sampson, 1974). 
Since phylogenetic analyses indicate that monad- 
producing Zygogynum is one of the most apical 
branches in the family (Vink, 1988; Suh et al., 
1993; Karol et al., 2000), this record is evidence 
that crown-group Winteraceae had diversified to a 
high level by the Oligocene. These considerations 
would further support the view of Suh et al. (1993) 
that the low divergence of ITS sequences within 
Winteraceae is due to a slowdown in molecular evo- 
lution, rather than a recent origin of the crown- 
group. 

Two types of winteroid tetrads are also known 


Recent and Early Cretaceous pollen tetrads, SEM. —a. Drimys winteri (cultivated, Davis, California). — 


b. Walkeripollis gabonensis (Doyle et al., 1990a), Zone C-VII (late Barremian?), Gabon. Scale bar = 5 wm. 


from Tertiary beds (considered early Miocene) of 
the Cape region in South Africa (Coetzee, 1981; 
Coetzee & Muller, 1984; Coetzee & Praglowski, 
1988), where Winteraceae are now extinct. This im- 
plies that Takhtajania is the only survivor of a for- 
merly more widely distributed assemblage of Win- 
teraceae in the African-Madagascan region. The 
same floras contain other taxa that no longer occur 
in mainland Africa but persist in Madagascar: As- 
carina (Chloranthaceae), Casuarina, Cupanieae 
(Sapindaceae), and Sarcolaenaceae. However, ac- 
cording to Coetzee and Muller (1984) and Coetzee 
and Praglowski (1988), these fossils are most sim- 
ilar not to pollen of Takhtajania, but rather to that 
of the Australasian genera Tasmannia (“Drimys” pi- 
perita) and Bubbia (“Zygogynum” queenslandian- 
um). 

Although pollen of Drimys occurs at low fre- 
quencies in the Quaternary of Chile (e.g., Heusser, 
1981), there have been few reports of winteroid tet- 
rads from older sediments in South America, al- 
though such rocks have been extensively studied 
(cf. Askin & Baldoni, 1998). Apparently the oldest 
are grains identified by Baldoni (1987) as Gephyr- 
apollenites calathus Partridge from the Paleocene- 
Eocene of Argentina. Barreda (1997) reported 
Pseudowinterapollis couperi Krutzsch from the Oli- 
go-Miocene of Argentina; she provided SEM figures 
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Figure 2. Pre-Quaternary occurrences of ulcerate tetrad pollen related to Winteraceae and vesselless wood of Poole 
and Francis (2000). Top, Early Cretaceous (base map 120 My, Barremian-Aptian: Scotese, 1997). Bottom, Late Creta- 
ceous and Tertiary (base map 50 My, Eocene: Scotese, 1997); 1: Campanian, Maastrichtian; 2: Paleocene, Eocene; 3: 


Oligocene, Miocene, Pliocene. See text for references. 


showing a tetrad closely comparable to Drimys in 
sculpture and presence of a well-defined annulus. 

The stratigraphic and geographic range of win- 
teroid pollen was extended dramatically by Walker 
et al. (1983), based on tetrads in two cores from 
the late Aptian-early Albian of Israel. At this time 
(Fig. 2), Israel was part of the Northern Gondwana 


province of Brenner (1976), which straddled the 
Early Cretaceous equator and included all but the 
southern portions of Africa and South America. In 
contrast, Late Cretaceous, Tertiary, and Recent oc- 
currences of Winteraceae (except those in Central 
America and Malesia) are in regions that belonged 
to Brenner’s Southern Gondwana province in the 
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Early Cretaceous. The Israeli tetrads, designated 
Walkeripollis sp. A by Doyle et al. (1990a), resem- 
ble pollen of modern Winteraceae in having a 
round ulcus consisting of a central pore surrounded 
by a thicker annulus, underlain by a safranin-stain- 
ing ring that Walker et al. (1983) assumed was 
thickened endexine, as in many modern Wintera- 
ceae (Praglowski, 1979). However, Walker et al. in- 
terpreted them as more primitive than living Win- 
teraceae because of their finer, foveolate-reticulate 
sculpture. 

Still older winteroid pollen was described by 
Doyle et al. (1990a, b) from the Cretaceous of Ga- 
bon, as Walkeripollis gabonensis J. A. Doyle, Hotton 
& J. V. Ward (Fig. 1b). These tetrads appear to be 
even more primitive in having a slightly elliptical 
aperture (presumably transitional from a sulcus) 
and foveolate sculpture, with small tectal perfora- 
tions only. Transmission electron microscopy (TEM) 
confirmed that the endexine is thickened under the 
annulus. These grains were found in only one sam- 
ple, from an interval (Zone C-VII) near the end of 
filling of the nascent South Atlantic rift with con- 
tinental sediments, but they are fairly common in 
this sample. Their significance was overlooked by 
Doyle et al. (1977, 1982), who assumed that they 
were tetrad-producing variants of Tucanopollis cri- 
sopolensis (Regali, Uesugui & A. S. Santos) Regali, 
a common angiosperm in these beds, which also 
has a round, sculptured aperture. The age of Zone 
C-VII and its equivalents in Brazil was originally 
considered early Aptian (Doyle et al., 1977, 1982), 
but Regali and Viana (1989) and Doyle (1992) ar- 
gued that it is late Barremian, based in part on 
reports of two associated new groups, Afropollis and 
tricolpate pollen, in independently dated late Bar- 
remian rocks in Morocco (Giibeli et al., 1984) and 
England (Penny, 1989) (and more recently Israel: 
P. J. De Haan, unpublished Ph.D. thesis, Botany, 
Univ. California, Davis, 1997). 

Compared with modern Winteraceae, both Walk- 
eripollis gabonensis and W. sp. A are anomalous in 
being calymmate (Van Campo & Guinet, 1961), 
with the tectum partially continuous between ad- 
jacent monads of the tetrad. In this respect, they 
appear more advanced than the acalymmate tetrads 
of the modern taxa, where the tectum stops at the 
junction between monads. Since the circular aper- 
ture and coarser reticulum of Walkeripollis sp. A 
suggest that this species is phylogenetically closer 
to modern Winteraceae than W. gabonensis, Doyle 
et al. (1990b) inferred that the calymmate condition 
arose in the common ancestor of the two species 
and reversed to acalymmate in modern Wintera- 
ceae, along with coarsening of sculpture. The fact 
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that Walkeripollis is calymmate may be grounds for 
caution in relating it to Winteraceae, but W. sp. A 
is almost perfectly intermediate between W. gabo- 
nensis and modern Winteraceae, and both species 
are only weakly calymmate, implying that the re- 
versal required would be minor. The fact that both 
Walkeripollis species have a conspicuous annulus, 
like Takhtajania, Drimys, Belliolum, and Zygogyn- 
um species with monads (Praglowski, 1979), sug- 
gests that the lack of a well-differentiated annulus 
in Tasmannia, Pseudowintera, Bubbia, Exosper- 
mum, and Zygogynum species with tetrads is de- 
rived. Absence of an annulus seems loosely corre- 
lated with smaller aperture size. Exospermum and 
Zygogynum are most like Walkeripollis in having 
fine sculpture, but their position in morphological 
and molecular phylogenies (Vink, 1988; Suh et al., 
1993; Karol et al., 2000) implies that this condition 
is secondarily derived. 

Winteroid tetrads may be more widespread in the 
Early Cretaceous than reported so far. In the middle 
Albian Khafji member of the Wasia Formation of 
offshore Saudi Arabia, S. L. Gaponoff (pers. comm. 
1990 & 1999) found a single tetrad, which is sim- 
ilar to Walkeripollis sp. A in sculpture but looser 
and apparently acalymmate, suggesting that it is 
still more closely related to crown-group Wintera- 
ceae. But so far there is a gap in the record of such 
pollen through the first half of the Late Cretaceous. 

A possibly related pollen group consists of fo- 
veolate-reticulate, ulcerate monads from the early 
Aptian to Albian of Israel, described by Brenner 
and Bickoff (1992) as Retimonoporites operculatus 
G. J. Brenner & Bickoff. Their sculpture is roughly 
similar to that of Walkeripollis sp. A; the ulcus is 
covered by an operculum and underlain by a dark- 
staining area interpreted as endexine. Because 
these monads predate W. sp. A in Israel, Brenner 
(1996) interpreted them as representing a more 
primitive, pre-tetrad state; however, they are prob- 
ably younger than W. gabonensis. It is possible that 
these grains are related to Winteraceae, but there 
are enough differences to make this view somewhat 
speculative. They are much smaller than the mo- 
nads of Walkeripollis, the ulcus is proportionally 
smaller, and the endexine forms a solid patch rather 
than a ring around the border of the ulcus. 

Doyle et al. (1990a, b) also suggested that two 
other Cretaceous pollen groups may be related to 
Winteraceae: Afropollis, which is abundant from the 
late Barremian through the early Cenomanian of 
Northern Gondwana, and Schrankipollis, from the 
Aptian of Egypt and Maryland. Afropollis varies 
from operculate or zonasulculate in the oldest spe- 
cies to inaperturate in younger ones, with a loose 
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reticulum surrounding a central body, and the op- 
erculates have typical angiospermous columellae 
below the reticulum. Schrankipollis is zonasulculate 
but elliptical and more finely sculptured. The com- 
parison with Winteraceae was based primarily on 
the fact that Afropollis, Schrankipollis, and Walker- 
ipollis gabonensis all have finely segmented muri 
and tend toward circular shape and a round aper- 
ture, with the zonasulculus presumably derived by 
broadening of an operculum. Based on a cladistic 
analysis of these fossils and pollen of living Win- 
teraceae and Illiciales, Doyle et al. (1990b) inferred 
that Afropollis and Schrankipollis belong to an ex- 
tinct sister group of Walkeripollis, Winteraceae, and 
Illiciales. The two Walkeripollis species were suc- 
cessive branches of the stem-lineage leading to 
both Winteraceae and Illiciales, based on the ellip- 
tical aperture of W. gabonensis and the finer sculp- 
ture of both species. The trichotomosulcate (“syn- 
tricolpate”) monads of Illiciales were linked with 
modern winteraceous tetrads by their coarse sculp- 
ture, implying that they are secondarily derived 
from tetrads. Because this analysis placed Walker- 
ipollis on the stem-lineage to Winteraceae and Il- 
liciales, and Illiciales have vessels, Doyle et al. 
(1990b) speculated that the plants producing Walk- 
eripollis still had vessels. 

This scheme can no longer be defended, since 
only the tetrads seem securely related to Wintera- 
ceae, and molecular evidence against a relationship 
of Illiciales and Winteraceae has become over- 
whelming (cf. above). Doyle et al. (1990a, b) ac- 
knowledged that the winteraceous affinity of Afro- 
pollis and Schrankipollis was more speculative. 
They noted that Afropollis is anomalous in having 
a thick endexine all around the grain, as in gym- 
nospermous seed plants, rather than under the ap- 
erture only, as in Winteraceae and most other mag- 
noliid angiosperms. Because other characters of 
Afropollis seemed so angiospermous, and because a 
few magnoliids do have a thick endexine, they sug- 
gested that the endexine character may not rule out 
angiosperm affinities. However, Friis et al. (1999) 
have found Afropollis in separate pollen sacs with 
no evident angiosperm features. A similar combi- 
nation of gymnospermous endexine and angiosper- 
mous columellae and sculpture also occurs in the 
Late Triassic Crinopolles pollen group, which Cor- 
net (1989) interpreted as angiospermous, but which 
Doyle and Hotton (1991) and Doyle and Donoghue 
(1993) suggested is related to the angiosperm 
crown-group but more primitive—i.e., on the an- 
giosperm stem-lineage. By the same reasoning, Af- 
ropollis might also be a side-line of the angiosperm 
stem-lineage that persisted into the Cretaceous. 
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These doubts do not apply to Schrankipollis, since 
it has only a little endexine under the aperture, but 
without Afropollis to link it with Winteraceae, there 
is little reason to associate it with the family. 

Scenarios for origin of the tetrad pollen of Win- 
teraceae also need revision in light of molecular 
and morphological evidence that Canellaceae are 
the sister group of the family. Pollen of Canellaceae 
is small, round, and monosulcate, with occasional 
trichotomosulcate variants (Wilson, 1964; Walker, 
1976; J.-M. Groult, unpublished D.E.A. thesis, Mu- 
séum National d’Histoire Naturelle, Paris, 1998). 
Its exine structure varies from granular with a con- 
tinuous scabrate tectum (Capsicodendron) to colu- 
mellar and either foveolate (most genera) or retic- 
ulate (Cinnamosma). Walker (1976) assumed that 
the granular extreme is primitive, as part of a gen- 
eral trend in angiosperms as a whole. This would 
imply that columellae arose independently in Ca- 
nellaceae and Winteraceae. The idea that granular 
structure is primitive in angiosperms was supported 
by the analysis of Donoghue and Doyle (1989), 
which placed Magnoliales at the base of the angio- 
sperms, but in more recent analyses, where Mag- 
noliales are nested within woody magnoliids, their 
granular structure is a reversal. Canellaceae are 
rooted differently in trees based on ITS and trnL- 
F (Karol et al., 2000), but the unrooted tree is the 
same, and Capsicodendron is not basal in either 
tree. This suggests that the common ancestor of 
Winteraceae and Canellaceae had small, round, 
monosulcate pollen with columellae and foveolate 
sculpture, a type common in the Early Cretaceous. 
Such pollen may go back to the first angiosperms; 
for example, it occurs in the near-basal genus Aus- 
trobaileya (Endress & Honegger, 1980). These data 
also remove the basis for the conjecture that the 
parent plants of Walkeripollis had vessels (Doyle et 
al., 1990b). Based on pollen morphology, a phylo- 
genetic analysis would place Canellaceae below 
Walkeripollis, so vessels could have been lost at any 
point on the line leading to crown-group Wintera- 
ceae, either before or after Walkeripollis. 


GEOGRAPHIC HISTORY AND ECOLOGICAL 
EVOLUTION 


Fossil data suggest that the stem-lineage leading 
to Winteraceae, represented by Walkeripollis, orig- 
inated in the tropical zone of Northern Gondwana. 
This is consistent with the view of Raven and Ax- 
elrod (1974) that angiosperms as a whole originated 
in this region. The Early Cretaceous climate in the 
classic areas of Gabon and Brazil has been inter- 
preted as hot and dry (Brenner, 1976; Doyle et al., 
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1977, 1982), based on the low frequency of spores, 
abundance of Classopollis (the conifer family Chei- 
rolepidiaceae, noted for its xeromorphic vegetative 
morphology) and ephedroid pollen (related to mod- 
ern Gnetales, of which Ephedra and Welwitschia are 
desert plants), and the presence of thick Aptian salt 
deposits, which mark the first influx of marine water 
into the rift. However, there is evidence for wetter 
conditions in the Middle East and northern South 
America, which were near the equator rather than 
about 15 degrees to the south: less common Clas- 
sopollis and ephedroids, abundant fern spores and 
Araucariaceae, and occasional coals (Doyle et al., 
1982; McCabe & Parrish, 1992; Brenner, 1996). 
Interestingly, Walkeripollis occurs in both areas, 
suggesting that its parent plants could tolerate some 
range of rainfall. The fact that W. gabonensis is from 
a rift sequence raises the possibility that its parent 
plants were growing in cooler upland areas flanking 
the rift. However, models for rift evolution predict 
that relief would decrease with time, and although 
the presence of bisaccate podocarpaceous pollen 
suggests that there were high elevations near the 
rift in the earliest Cretaceous, such pollen had dis- 
appeared by the time Walkeripollis appeared in the 
Barremian (Doyle et al., 1982). 

This scenario also fits the present distribution of 
probable outgroups of Winteraceae. Canellaceae 
are entirely African, Madagascan, and American, 
and Walker (1971) and Raven and Axelrod (1974) 
interpreted them as of Northern Gondwanan origin. 
Ecologically, they are more tropical than Wintera- 
ceae, and they extend into drier environments (Ku- 
bitzki, 1993). The second outgroup to Winteraceae, 
whether Magnoliales or Piperales, is less well es- 
tablished. However, if Magnoliales are the second 
outgroup, it may be significant that rbcL, atpB, and 
the two genes combined indicate that the basal 
branch in this group is Myristicaceae (Chase et al., 
1993; Savolainen et al., 2000), which have a geo- 
graphic distribution that also suggests a Northern 
Gondwanan origin (Walker, 1971; Raven & Axel- 
rod, 1974). Myristicaceae are also a lowland trop- 
ical group, and although their species diversity is 
highest in Asia, Walker and Walker (1981) argued 
that their most primitive members are the Mada- 
gascan genera Mauloutchia and Brochoneura, 
which have helical rather than whorled stamens (a 
view confirmed by a morphological cladistic anal- 
ysis by H. Sauquet, unpublished D.E.A. thesis, 
Univ. Pierre et Marie Curie, Paris, 1999). 

Thus both fossil distributions and phylogenetic 
results suggest that the temperate, Southern Gond- 
wana distribution of crown-group Winteraceae 
came about by southward migration and radiation 
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of plants derived from a stem-lineage in the lowland 
tropics. In the Early Cretaceous, Southern Gond- 
wana was characterized by Podocarpaceae, Arau- 
cariaceae, and abundant spore-bearing plants 
(Brenner, 1976; Herngreen et al., 1982; Dettmann, 
1994), suggesting cool, wet conditions like those 
where Winteraceae grow today. These data may fit 
the hypothesis discussed above that vessels were 
lost in cool, wet environments because of their sus- 
ceptibility to embolisms caused by freezing (Don- 
oghue & Doyle, 1989; Feild et al., 2000). 

A major unresolved problem is when exactly 
Winteraceae moved into the temperate zone, and 
by what route. After the records of Walkeripollis in 
the Early Cretaceous, the line is not known until 
the Santonian-Campanian of Antarctica, represent- 
ed by Winteroxylon wood (Poole & Francis, 2000), 
and the Campanian-Maastrichtian of Australia and 
New Zealand (Stover & Partridge, 1973; Mildenhall 
& Crosbie, 1979; Dettmann & Jarzen, 1990), rep- 
resented by coarsely reticulate tetrads resembling 
crown-group Winteraceae. These tetrads seem well 
established in Australasia, and there are no records 
of them in the tropics (although given the rarity of 
earlier reports the significance of such negative ev- 
idence can be questioned). Migration to Southern 
Gondwana would pose little problem in the Early 
Cretaceous, when the continents were still largely 
connected (Fig. 2). However, by the time the crown- 
group is first recognized, ocean barriers had be- 
come much wider, especially between Northern 
Gondwana and Australasia. Possible scenarios may 
be considered in terms of continental positions ca. 
6 My before the Campanian (Fig. 3; Scotese, 1997). 

One route to Australasia might be through South 
America and Antarctica, which was attached to 
Australia until late in the Cretaceous. On paleo- 
geographic grounds, it is more likely than not that 
the stem-lineage occurred in South America. In the 
Early Cretaceous, Brazil and Gabon were two sides 
of the same rift valley, and given the rarity of Walk- 
eripollis, the lack of reports from Brazil is probably 
not significant. However, if the crown-group spread 
from South America to Australasia in the Late Cre- 
taceous, it would also have to disperse across the 
South Atlantic in one direction or the other to ex- 
plain its Tertiary and Recent occurrences in Africa 
(Coetzee & Muller, 1984) and Madagascar (Takh- 
tajania). This scenario implies that near-basal lines 
of Winteraceae occurred in South America in the 
Late Cretaceous, which may conflict with the rela- 
tively nested position of the American genus Dri- 
mys in the family and the rarity of reports of pre- 
Quaternary winteroid pollen in South America 


312 


Early 
Late Cretaceous 


Figure 3. 


Annals of the 


Missouri Botanical Garden 





Paleogeography near the time of inferred dispersal of crown-group Winteraceae from Northern Gondwana 


to Australasia (90 My, Turonian: Scotese, 1997), showing alternative routes through South America-Antarctica and 


Madagascar-India. 


(despite numerous palynological studies: cf. Askin 
& Baldoni, 1998), as compared with Australasia. 
Another route to Australasia might be through 
Madagascar. Gondwana began to split into East 
Gondwana (Madagascar, India, Antarctica, Austral- 
asia) and West Gondwana (Africa, South America) 
in the Middle Jurassic (Rabinowitz et al., 1983). 
However, for some time Madagascar and India, 
which belonged to the Southern Gondwana prov- 
ince in the Early Cretaceous (Brenner, 1976; Hern- 
green et al., 1982; Dettmann, 1994), formed a block 
that might have acted as a stepping stone between 
Africa and Australasia and/or Antarctica (Fig. 3). 
This scenario might fit molecular evidence that 
Takhtajania is basal in Winteraceae (Karol et al., 
2000): Takhtajania would represent a branch that 
stayed near the original Northern Gondwana area, 
while the rest of the family was derived from a 
branch that dispersed to Australasia. Drimys could 
be a line that dispersed later from Australasia to 
South America via Antarctica (Raven & Axelrod, 
1974), consistent with its position in the family. 
If, however, Winteraceae in the Tertiary of South 
Africa were related to modern Australasian genera 
(Coetzee & Muller, 1984; Coetzee & Praglowski, 
1988), more complex scenarios must be envisioned, 
with a wider Cretaceous distribution of the crown- 
group and many local extinctions. The discovery of 
winteraceous wood in the Late Cretaceous of Ant- 
arctica (Poole & Francis, 2000) also suggests it 


would be premature to favor one scenario over an- 
other: it implies that Winteraceae reached Antarc- 
tica very early, from which they could easily spread 
to either Australasia or South America. Better ev- 
idence on the phylogenetic position of known Cre- 
taceous and Tertiary fossils, or discoveries of new 
fossils, could greatly clarify the geographic history 
of the family. 


CONCLUSIONS 


The stem-lineage leading to Winteraceae is one 
of the oldest recognizable angiosperm lines, ex- 
tending back to the Barremian stage of the Early 
Cretaceous in Northern Gondwana. Modern Win- 
teraceae appear to be derived from a line that 
spread from the tropics into the southern temperate 
zone, where Winteraceae were widespread in the 
latest Cretaceous and Tertiary, but the details are 
uncertain. Major priorities are to fill in the Late 
Cretaceous record and to clarify the time of ap- 
pearance of crown-group Winteraceae in Africa- 
Madagascar, Antarctica, and South America. Hope- 
fully this paper will alert palynologists and 
paleobotanists working in the Gondwana continents 
to winteraceous pollen and megafossils, and thus 
contribute to a more detailed reconstruction of the 
history of this important family of primitive angio- 
sperms. 


Volume 87, Number 3 
2000 


Literature Cited 


APG (Angiosperm Phylogeny Group). 1998. An ordinal 
classification for the families of flowering plants. Ann. 
Missouri Bot. Gard. 85: 531-553. 

Askin, R. A. 1992. Late Cretaceous-Early Tertiary Ant- 
arctic outcrop evidence for past vegetation and climates. 
Pp. 61-73 in J. P. Kennett & D. A. Warnke (editors), 
The Antarctic Paleoenvironment: A Perspective on 
Global Change. American Geophysical Union, Wash- 
ington, D.C. 

& A. Baldoni. 1998. The Santonian through Pa- 
leogene record of Proteaceae in the southern South 
America-Antarctic Peninsula region. Austral. Syst. Bot. 
11: 373-390. 

Bailey, I. W. & C. G. Nast. 1944. The comparative mor- 
phology of the Winteraceae. V. Foliar epidermis and 
sclerenchyma. J. Arnold Arbor. 25: 342-348. 

& B. G. L. Swamy. 1951. The conduplicate car- 
pel of dicotyledons and its initial trends of specializa- 
tion. Amer. J. Bot. 38: 373-379. 

Baldoni, A. M. 1987. Nuevas descripciones palinológicas 
en el área de Collón Curá (Terciario inferior) Provincia 
del Neuquén, Argentina. IV Congreso Latinoamericano 
de Paleontología, Bolivia (1987)1: 399-414. 

Barreda, V. 1997. Palynomorph assemblage of the Chen- 
que Formation, late Oligocene?-Miocene from Golfo San 
Jorge basin, Patagonia, Argentina. Part 4. Polycolporate 
and porate pollen. Ameghiniana 34: 145-154. 

Berry, E. W. 1938. Tertiary flora from the Rio Pichileufu, 
Argentina. Special Pap. Geol. Soc. Amer. 12: 1-149. 
Brenner, G. J. 1976. Middle Cretaceous floral provinces 
and early migrations of angiosperms. Pp. 23—47 in C. 
B. Beck (editor), Origin and Early Evolution of Angio- 

sperms. Columbia Univ. Press, New York. 

. 1996. Evidence for the earliest stage of angio- 

sperm pollen evolution: A paleoequatorial section from 

Israel. Pp. 91-115 in D. W. Taylor & L. J. Hickey (ed- 

itors), Flowering Plant Origin, Evolution & Phylogeny. 

Chapman & Hall, New York. 

& I. S. Bickoff. 1992. Palynology and age of the 
Lower Cretaceous basal Kurnub Group from the coastal 
plain to the northern Negev of Israel. Palynology 16: 
137-185. 

Card, G. W. 1902. An eclogite-bearing breccia from the 
Bingera diamond field. Rec. Geol. Surv. New South 
Wales 7: 29-101. 

Carlquist, S. 1975. Ecological Strategies of Xylem Evo- 
lution. Univ. California Press, Berkeley. 

1983. Wood anatomy of Bubbia (Winteraceae), 

with comments on origin of vessels in dicotyledons. 

Amer. J. Bot. 70: 578-590, 

. 1987. Presence of vessels in wood of Sarcandra 

(Chloranthaceae); Comments on vessel origins in angio- 

sperms. Amer. J. Bot. 74: 1765-1771. 

1988. Near-vessellessness in Ephedra and its 

significance. Amer. J. Bot. 75: 598-601. 

. 1996. Wood anatomy of primitive angiosperms: 
New perspectives and syntheses. Pp. 68-90 in D. W. 
Taylor & L. J. Hickey (editors), Flowering Plant Origin, 
Evolution & Phylogeny. Chapman & Hall, New York. 

Carpenter, R. J., R. S. Hill & G. J. Jordan. 1994. Ce- 
nozoic vegetation in Tasmania: Macrofossil evidence. 
Pp. 276-298 in R. S. Hill (editor), History of the Aus- 
tralian Vegetation: Cretaceous to Recent. Cambridge 
Univ. Press, Cambridge. 

Chaney, R. W. & E. I. Sanborn. 1933. The Goshen flora 


























Doyle 313 


Paleobotany of Winteraceae 


of west central Oregon. Publ. Carnegie Inst. Wash. 439: 
1-103. 

Chase, M. W., D. E. Soltis, R. G. Olmstead, D. Morgan, 
D. H. Les, B. D. Mishler, M. R. Duvall, R. A. Price, 
H. G. Hills, Y.-L. Qiu, K. A. Kron, J. H. Rettig, E. 
Conti, J. D. Palmer, J. R. Manhart, K. J. Sytsma, H. J. 
Michaels, W. J. Kress, K. G. Karol, W. D. Clark, M. 
Hedrén, B. S. Gaut, R. K. Jansen, K.-J. Kim, C. F. 
Wimpee, J. F. Smith, G. R. Furnier, S. H. Strauss, Q.- 
Y. Xiang, G. M. Plunkett, P. S. Soltis, S. M. Swensen, 
S. E. Williams, P. A. Gadek, C. J. Quinn, L. E. Eguiarte, 
E. Golenberg, G. H. Learn, S. W. Graham, S. C. H. 
Barrett, S. Dayanandan & V. A. Albert. 1993. Phylo- 
genetics of seed plants: An analysis of nucleotide se- 
quences from the plastid gene rbcL. Ann. Missouri Bot. 
Gard. 80: 526-580. 

Christophel, D. C. 1994. The early Tertiary macrofloras 
of continental Australia. Pp. 262-275 in R. S. Hill (ed- 
itor), History of the Australian Vegetation: Cretaceous 
to Recent. Cambridge Univ. Press, Cambridge. 

Coetzee, J. A. 1981. A palynological record of very prim- 
itive angiosperms in Tertiary deposits of the south-west- 
ern Cape Province, South Africa. S. African J. Sci. 77: 
341-343. 

& J. Muller. 1984. The phytogeographic signifi- 

cance of some extinct Gondwana pollen types from the 

Tertiary of the southwestern Cape (South Africa). Ann. 

Missouri Bot. Gard. 71: 1088-1099. 

& J. Praglowski. 1988. Winteraceae pollen from 
the Miocene of the southwestern Cape (South Africa): 
Relationship to modern taxa and phytogeographical sig- 
nificance. Grana 27: 27-37. 

Corner, E. J. H. 1976. The Seeds of the Dicotyledons. 
Cambridge Univ. Press, Cambridge. 

Cornet, B. 1989. Late Triassic angiosperm-like pollen 
from the Richmond rift basin of Virginia, U.S.A. Pa- 
laeontographica Abt. B 213: 37-87. 

Couper, R. A. 1960. New Zealand Mesozoic and Caino- 
zoic plant microfossils. New Zealand Geol. Surv. Pa- 
leontol. Bull. 32: 1-87. 

Crane, P. R., S. R. Manchester & D. L. Dilcher. 1991. 
Reproductive and vegetative structure of Nordenskioldia 
(Trochodendraceae), a vesselless dicotyledon from the 
Early Tertiary of the Northern Hemisphere. Amer. J. 
Bot. 78: 1311-1334. 

Cranwell, L. M. 1959. Fossil pollen from Seymour Island, 
Antarctica. Nature 184: 1782-1785. 

Cronquist, A. 1988. The Evolution and Classification of 
Flowering Plants, 2nd ed. New York Botanical Garden, 
the Bronx. 

Deane, H. 1902. Notes on fossil leaves from the Tertiary 
deposits of Wingello and Bungonia. Rec. Geol. Surv. 
New South Wales 7: 59—65. 

Dettmann, M. E. 1994. Cretaceous vegetation: The mi- 
crofossil record. Pp. 143-170 in R. S. Hill (editor), His- 
tory of the Australian Vegetation: Cretaceous to Recent. 
Cambridge Univ. Press, Cambridge. 

& D. M. Jarzen. 1990. The Antarctic/Australian 
rift valley: Late Cretaceous cradle of northeastern Aus- 
tralasian relicts? Rev. Palaeobot. Palynol. 65: 131—144. 

Donoghue, M. J. 1994. Progress and prospects in recon- 
structing plant phylogeny. Ann. Missouri Bot. Gard. 81: 
405-418. 

& J. A. Doyle. 1989. Phylogenetic analysis of 

angiosperms and the relationships of Hamamelidae. Pp. 


17-45 in P. R. Crane & S. Blackmore (editors), Evo- 














314 


lution, Systematics, and Fossil History of the Hama- 
melidae, Vol. 1. Clarendon Press, Oxford. 

Doyle, J. A. 1992. Revised palynological correlations of 
the lower Potomac Group (USA) and the Cocobeach se- 
quence of Gabon (Barremian-Aptian). Cretaceous Res. 
13: 337-349, 

1996. Seed plant phylogeny and the relation- 
ships of Gnetales. Int. J. Pl. Sei. 157 (6, Suppl.): S3- 
S39. 

—— & M. J. Donoghue. 1993. Phylogenies and an- 
giosperm diversification. Paleobiology 19: 141-167. 

& L. J. Hickey. 1976. Pollen and leaves from the 
mid-Cretaceous Potomac Group and their bearing on 
early angiosperm evolution. Pp. 139-206 in C. B. Beck 
(editor), Origin and Early Evolution of Angiosperms. 
Columbia Uniy. Press, New York. 

—— & C. L. Hotton. 1991. Diversification of early 
angiosperm pollen in a cladistic context. Pp. 169-195 
in S. Blackmore & S. H. Barnes (editors), Pollen and 
Spores: Patterns of Diversification. Clarendon Press, 
Oxford. 

, P. Biens, A. Doerenkamp & S. Jardiné. 1977. 
Angiosperm pollen from the pre-Albian Cretaceous of 
Equatorial Africa. Bull. Centr. Rech. Explor.-Prod. Elf- 
Aquitaine 1: 451-473. 

——., M. J. Donoghue & E. A. Zimmer. 1994. Inte- 
gration of morphological and ribosomal RNA data on 
the origin of angiosperms. Ann. Missouri Bot. Gard. 81: 
419-450. 

——.,, C. L. Hotton & J. V. Ward. 1990a. Early Cre- 
taceous tetrads, zonasulculate pollen, and Winteraceae. 
I. Taxonomy, morphology, and ultrastructure. Amer. J. 
Bot. 77: 1544-1557. 

——_,, —— & ——_. 1990b. Early Cretaceous tet- 
rads, zonasulculate pollen, and Winteraceae. II. Cladis- 
tic analysis and implications. Amer. J. Bot. 77: 1558- 
1568. 

——, S. Jardiné & A. Doerenkamp. 1982. Afropollis, 
a new genus of early angiosperm pollen, with notes on 
the Cretaceous palynostratigraphy and paleoenviron- 
ments of Northern Gondwana. Bull. Centr. Rech. Ex- 
plor.-Prod. Elf-Aquitaine 6; 39-117. 

Dusén, P. 1908. Über de tertiäre Flora der Seymour-Insel. 
Wiss. Ergebn. Schwed. Stidpolar-Exped. 1901-1903, 
3(3): 1-27. 

Eames, A. J. 1961. Morphology of the Angiosperms. Mc- 
Graw-Hill, New York. 

Ehrendorfer, F. & M. Lambrou. 2000. Chromosomes of 
Takhtajania, other Winteraceae and Canellaceae: Phy- 
logenetic implications. Ann. Missouri Bot. Gard. 87: 
407-413. 

Endress, P. K. 1987. The Chloranthaceae: Reproductive 
structures and phylogenetic position. Bot. Jahrb. Syst. 
109: 153-226. 

—— & R. Honegger. 1980. The pollen of Austrobail- 
eyaceae and its phylogenetic significance. Grana 19: 
177-182. 

& A. Igersheim. 1997, Gynoecium diversity and 
systematics of Laurales. Bot. J. Linn. Soc. 125: 93-168. 

& ——. 1999. Gynoecium diversity and sys- 
tematics of the basal eudicots. Bot. J. Linn. Soc. 130: 
305-393. 

Feild, T. S., M. A. Zwieniecki, M. J. Donoghue & N. M. 
Holbrook. 1998. Stomatal plugs of Drimys winteri 
(Winteraceae) protect leaves from mist but not drought. 
Proc. Natl. Acad. Sci. U.S.A. 95: 14256-14259. 

——,, ——— & N. M. Holbrook. 2000. Winteraceae 


Annals of the 
Missouri Botanical Garden 


evolution: An ecophysiological perspective. Ann. Mis- 
souri Bot. Gard. 87: 323-334. 

Friis, E. M., K. R. Pedersen & P. R. Crane. 1999. Early 
angiosperm diversification: The diversity of pollen as- 
sociated with angiosperm reproductive structures in 
Early Cretaceous floras from Portugal. Ann. Missouri 
Bot. Gard. 86: 259-296. 

Goremykin, V., V. Bobrova, J. Pahnke, A. Troitsky, A. An- 
tonov & W. Martin. 1996. Noncoding sequences from 
the slowly evolving chloroplast inverted repeat in ad- 
dition to rbcL data do not support gnetalean affinities 
of angiosperms. Molec. Biol. Evol. 13: 383-396. 

Gottwald, H. 1992. Hölzer aus marinen Sanden des ob- 
eren Eozin von Helmstedt (Niedersachsen). Palaeonto- 
graphica Abt. B 225: 27-103. 

Giibeli, A. A., P. A. Hochuli & W. Wildi. 1984. Lower 
Cretaceous turbiditic sediments from the Rif chain 
(Northern Marocco)—Palynology, stratigraphy and pa- 
laeogeographic setting. Geol. Rundschau 73: 1081- 
1114. 

Hamby, R. K. & E. A. Zimmer. 1992. Ribosomal RNA 
as a phylogenetic tool in plant systematics. Pp. 50-91 
in P. S. Soltis, D. E. Soltis & J. J. Doyle (editors), Mo- 
lecular Systematics of Plants. Chapman and Hall, New 
York. 

Harris, W. K. & C. R. Twidale. 1991. Revised age for 
Ayers Rock and the Olgas. Trans. Roy. Soc. South Aus- 
tralia 115: 609. 

Herngreen, G. F. W.. A. Randrianasolo & J. W. Verbeek. 
1982. Micropaleontology of Albian to Danian strata in 
Madagascar. Micropaleontology 28: 97-109. 

Heusser, C. J. 1981. Palynology of the last interglacial- 
glacial cycle in midlatitudes of southern Chile. Quatern. 
Res. 16; 293-321. 

Hickey, L. J. 1977. Stratigraphy and paleobotany of the 
Golden Valley Formation (Early Tertiary) of western 
North Dakota. Mem. Geol. Soc. Amer. 150: 1-181. 

—— & J. A. Wolfe. 1975. The bases of angiosperm 
phylogeny: Vegetative morphology. Ann. Missouri Bot. 
Gard. 62: 538-589. 

Hoot, S. B., S. Magallón & P. R. Crane. 1999. Phylogeny 
of basal eudicots based on three molecular data sets: 
atpB, rbcL, and 18S nuclear ribosomal DNA sequences. 
Ann. Missouri Bot. Gard. 86: 1—32. 

Igersheim, A. & P. K. Endress. 1997. Gynoecium diver- 
sity and systematics of the Magnoliales and winteroids. 
Bot. J. Linn. Soc. 124: 213-271. 

& —. 1998. Gynoecium diversity and sys- 
tematics of the paleoherbs. Bot. J. Linn. Soc. 127: 289- 
370. 

Karol, K. G., Y. Suh, G. E. Schatz & E. A. Zimmer. 2000. 
Molecular evidence for the phylogenetic position of 
Takhtajania in the Winteraceae: Evidence from nuclear 
ribosomal and chloroplast gene spacer sequences. Ann. 
Missouri Bot. Gard. 87: 414—432. 

Krutzsch, W. 1970. Zur Kenntnis fossiler disperser Te- 
tradenpollen. Paläontol. Abh. Abt. B 3: 399-433. 

Kubitzki, K. 1993. Canellaceae. Pp. 200-203 in K. Ku- 
bitzki, J. G. Rohwer & V. Bittrich (editors), The Fami- 
lies and Genera of Vascular Plants, Vol. 2. Flowering 
Plants—Dicotyledons. Magnoliid, Hamamelid and Car- 
yophyllid Families. Springer-Verlag, Berlin. 

Loconte, H. & D. W. Stevenson. 1991. Cladistics of the 
Magnoliidae. Cladistics 7: 267-296. 

Macphail, M. K. & R. S. Hill. 1994. K-Ar dated paly- 
nofloras in Tasmania 1: Early Oligocene, Proteacidites 
tuberculatus Zone sediments, Wilmot Dam, northwest- 


Volume 87, Number 3 
2000 


ern Tasmania. Pap. & Proc. Roy. Soc. Tasmania 128: 

1-15. 

, N. F. Alley, E. M. Truswell & I. R. K. Sluiter. 
1994. Early Tertiary vegetation: Evidence from spores 
and pollen. Pp. 189-261 in R. S. Hill (editor), History 
of the Australian Vegetation: Cretaceous to Recent. 
Cambridge Univ. Press, Cambridge. 

Martin, H. A. 1978. Evolution of the Australian flora and 
vegetation through the Tertiary: Evidence from pollen. 
Alcheringa 2: 181-202. 

Mathews, S. & M. J. Donoghue. 1999. The root of angio- 
sperm phylogeny inferred from duplicate phytochrome 
genes. Science 286: 947—950. 

McCabe, P. J. & J. T. Parrish. 1992. Tectonic and climatic 
controls on the distribution and quality of Cretaceous 
coals. In: P. J. McCabe & J. T. Parrish (editors), Controls 
on the Distribution and Quality of Cretaceous Coals. 
Special Pap. Geol. Soc. Amer. 267: 1-15. 

McLoughlin, S. & R. S. Hill. 1996. The succession of 
Western Australian Phanerozoic terrestrial floras. Pp. 
61-80 in S. D. Hopper et al. (editors), Gondwanan Her- 
itage: Past, Present and Future of the Western Austra- 
lian Biota. Surrey Beatty & Sons, Chipping Norton, 
N.S.W. 

Mildenhall, D. C. & Y. M. Crosbie. 1979. Some porate 
pollen from the upper Tertiary of New Zealand. New 
Zealand J. Geol. Geophys. 22: 499-508. 

Muller, J. 1981. Fossil pollen records of extant angio- 
sperms. Bot. Rev. 47: 1-142. 

Page, V. M. 1979. Dicotyledonous wood from the Upper 
Cretaceous of central California. J. Arnold Arbor. 60: 
323-349. 

Penny, J. H. J. 1989. New Early Cretaceous forms of the 
angiosperm pollen genus Afropollis from England and 
Egypt. Rev. Palaeobot. Palynol. 58: 289-299. 

Poole, I. & J. E. Francis. 2000. The first record of fossil 
wood of Winteraceae from the Upper Cretaceous of Ant- 
arctica. Ann. Bot. 85: 307-315. 

Praglowski, J. 1979. Winteraceae Lindl. World Pollen 
and Spore Flora 8: 1-36. Almqvist & Wiksell, Stock- 
holm. 

Qiu, Y.-L., M. W. Chase, D. H. Les & C. R. Parks. 1993. 
Molecular phylogenetics of the Magnoliidae: Cladistic 
analyses of nucleotide sequences of the plastid gene 
rbcL. Ann. Missouri Bot. Gard. 80: 587—606. 

Rabinowitz, P. D., M. F. Coffin & D. Falvey. 1983. The 
separation of Madagascar and Africa. Science 220: 67— 
69. 

Raven, P. H. & D. I. Axelrod. 1974. Angiosperm bioge- 
ography and past continental movements. Ann. Missouri 
Bot. Gard. 61: 539-673. 

Regali, M. S. P. & C. F. Viana. 1989. Late Jurassic-Early 
Cretaceous in Brazilian Sedimentary Basins: Correlation 
with the International Standard Scale. Petrobrás, Rio de 
Janeiro. 

Renner, S. S. 1999. Circumscription and phylogeny of 
the Laurales: Evidence from molecular and morpholog- 
ical data. Amer. J. Bot. 86: 1301-1315. 

Sampson, F. B. 1974. A new pollen type in the Winter- 
aceae. Grana l4: 11-15. 

Savolainen, V., M. W. Chase, S. B. Hoot, C. M. Morton, 
D. E. Soltis, C. Bayer, M. F. Fay, A. Y. De Bruijn, S. 
Sullivan & Y.- L. Qiu. 2000. Phylogenetics of flowering 
plants based on combined analysis of plastid atpB and 
rbcL gene sequences. Syst. Biol. 49: 306-362. 

Schuster, R. M. 1972. Continental movements, “Wal- 
lace’s Line” and Indomalayan-Australasian dispersal 





Doyle 315 


Paleobotany of Winteraceae 


of land plants: Some eclectic concepts. Bot. Rev. 38: 

3-86. 

. 1976. Plate tectonics and its bearing on the geo- 
graphical origin and dispersal of angiosperms. Pp. 48- 
138 in C. B. Beck (editor), Origin and Early Evolution 
of Angiosperms. Columbia Univ. Press, New York. 

Scotese, C. R. 1997. Paleogeographic Atlas, PALEOMAP 
Progress Report 90-0497, Department of Geology, Uni- 
versity of Texas at Arlington, Arlington, Texas. 

Smith, A. C. 1973. Angiosperm evolution and the rela- 
tionship of the floras of Africa and South America. Pp. 
49—61 in B. J. Meggers, E. S. Ayensu & W. D. Duck- 
worth (editors), Tropical Forest Ecosystems in Africa 
and South America: A Comparative Review. Smithson- 
ian Institution, Washington, D.C. 

Soltis, D. E., P. S. Soltis, D. L. Nickrent, L. A. Johnson, 
W. J. Hahn, S. B. Hoot, J. A. Sweere, R. K. Kuzoff, K. 
A. Kron, M. W. Chase, S. M. Swenson, E. A. Zimmer, 
S.-M. Chaw, L. J. Gillespie, W. J. Kress & K. J. Sytsma. 
1997. Angiosperm phylogeny inferred from 18S ribo- 
somal DNA sequences. Ann. Missouri Bot. Gard. 84: 
1—49. 

Stover, L. E. & A. D. Partridge. 1973. Tertiary and Late 
Cretaceous spores and pollen from the Gippsland Basin, 
southeastern Australia. Proc. Roy. Soc. Victoria 85: 
237-280. 

Suh, Y., L. B. Thien, H. E. Reeve & E. A. Zimmer. 
1993. Molecular evolution and phylogenetic implica- 
tions of internal transcribed spacer sequences of ri- 
bosomal DNA in Winteraceae. Amer. J. Bot. 80: 
1042-1055. 

Takhtajan, A. L. 1969. Flowering Plants: Origin and Dis- 
persal. Smithsonian Institution, Washington, D.C. 

. 1997. Diversity and Classification of Flowering 
Plants. Columbia Univ. Press, New York. 

Thorne, R. F. 1974. A phylogenetic classification of the 
Annoniflorae. Aliso 8: 147-209. 

Truswell, E. M. 1991. Antarctica: A history of terrestrial 
vegetation. Pp. 499-537 in R. J. Tingey (editor), The 
Geology of Antarctica. Clarendon Press, Oxford. 

& D. J. Drewry. 1984. Distribution and prove- 
nance of recycled palynomorphs in surficial sediments 
of the Ross Sea, Antarctica. Mar. Geol. 59: 187-214. 

Twidale, C. R. & W. K. Harris. 1977. The age of Ayers 
Rock and the Olgas, central Australia. Trans. Roy. Soc. 
South Australia 101: 45-50. 

Upchurch, G. R. 1984. Cuticular anatomy of angiosperm 
leaves from the Lower Cretaceous Potomac Group. I. 
Zone I leaves. Amer. J. Bot. 71: 192-202. 

Van Campo, M. & P. Guinet. 1961. Les pollens composés. 
Lexemple des Mimosacées. Pollen & Spores 3: 201- 
218. 

Vink, W. 1988. Taxonomy in Winteraceae. Taxon 37: 
691-698. 

Walker, J. W. 1971. Pollen morphology, phytogeography, 
and phylogeny of the Annonaceae. Contr. Gray Herb. 
202: 1-131. 

. 1976. Evolutionary significance of the exine in 

the pollen of primitive angiosperms. Pp. 1112-1137 

in I. K. Ferguson & J. Muller (editors), The Evolu- 

tionary Significance of the Exine. Academic Press, 

London. 

& A. G. Walker. 1981. Comparative pollen mor- 

phology of the Madagascan genera of Myristicaceae 

(Mauloutchia, Brochoneura, and Haematodendron). 

Grana 20: 1-17. 

& . 1984. Ultrastructure of Lower Creta- 























316 


ceous angiosperm pollen and the origin and early evo- 
lution of flowering plants. Ann. Missouri Bot. Gard. 71: 
464-521. 

, G. J. Brenner & A. G. Walker. 1983. Wintera- 
ceous pollen in the Lower Cretaceous of Israel: Early 
evidence of a magnolialean angiosperm family. Science 


220: 1273-1275. 





Annals of the 
Missouri Botanical Garden 


Wilson, T. K. 1964. Comparative morphology of the Ca- 
nellaceae. III. Pollen. Bot. Gaz. 125: 192-197. 

Wolfe, J. A., J. A. Doyle & V. M. Page. 1975. The bases 
of angiosperm phylogeny: Paleobotany. Ann. Missouri 
Bot. Gard. 62: 801-824. 

Young, D. A. 1981. Are the angiosperms primitively ves- 
selless? Syst. Bot. 6: 313-330. 


